INTRODUCTION
Coastal lagoons and adjacent wetlands play an important role in regulating environmental relations. Due to their multiple resources and proximity to the sea, they represent strategic locations for development and prosperity of human activities and therefore are subject to increasing anthropisation. These transitional ecosystems, between land and sea, are important ecosystems characterized by Karthick, 2015) . Diatoms are microalgae considered as the most sensitive to environmental conditions such as the organic pollution and the eutrophication (Licursia & Gómeza, 2013) and water density (Drira et al., 2009) . Some diatom species are directly or indirectly responsible for health problems (Lefebvre & Robertson, 2010) . Indeed some species especially the genus Pseudonitzschia H. Peragallo in H. Peragallo et M. Peragallo, 1900 , are toxic and produce powerful neurotoxins (domoic acid) that can cause illness and even death in the elderly community (Trainer et al., 2008) .
Diatomophyceae have been studied in the Mediterranean basin (Caroppo et al., 2005; Sahraoui et al., 2009; Solak et al., 2018) . However, despite their ecological and biological importance in the marine ecosystems, to our knowledge no study has been devoted to it in the Mellah lagoon. The aim of this study is to determine the species composition and distribution of diatoms in the well preserved Mellah lagoon, South Mediterranean, Algeria ( Fig. 1) .
short-or long-term variations that occur in these ecosystems are important compared to saline marine environments. Consequently, the spatial and temporal variability of the quality of their waters depends on the importance of river inputs, tidal flows and evaporation.
Diatoms are microscopic single-cell plants that live in fresh, brackish and marine waters, from the poles to the tropics (Trainer et al., 2008) . Diatoms belonging to the class of Diatomophyceae (Bacillariophycea) are an extremely diverse group. Mann (1999) reports that this class is highly diversified with species number estimated between 0.1 and 1 million. Their high photosynthesis activity and their tendency to dominate phytoplankton communities have led to their major involvement in primary production. It has been estimated that diatoms contribute to 40-45% of ocean primary productivity, accounting for 20% of global carbon sequestration and oxygen production (Yool & Tyrrell, 2003) . They are the major phytoplankton in aquatic ecosystems and account for 20-25% of the oxygen release and carbon fixation in the world (Kale & Diatoms diversity and dynamics in a southern Mediterranean lagoon (Mellah, Algeria) 
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MATERIAL AND METHODS
Study area and location of stations
The Mellah lagoon is located in the northeast of Algeria (36°54'N-8°20'E), within the El-Kala National Park created in 1983, a protected natural reserve and classified as biosphere reserve in 1990. The Mellah lagoon has a surface of 865 ha (depth < 5 m) and communicates with the sea by a channel (Fig. 1 ), which has undertaken substantial widening and deepening in 1988 (FAO, 1987) and is periodically dredged due to its recurrent filling with silt. The drainage system of the Mellah lagoon is characterized by three main intermittent streams located in southern sector of the lagoon, whose contribution to the overall nutrient loading is limited to the winter period. The Mellah lagoon is subject to a southern Mediterranean climate characterized by a dry and hot summer and a wet and cold winter.
During this study, three stations (St.A, St.B and St.C) were selected ( Fig. 1 ): St.A (depth 2.50 m), located in the north of the lagoon no far from the inflow of marine waters; St.B (depth 4.80 m), situated in the center of the lagoon is the deepest zone and therefore under bathymetric influence; St.C (depth 1.50 m), fixed in the south of the lagoon near the inflow of the two rivers (south and southwest of the lagoon), subject to freshwater influences.
Physicochemical measurements, sampling and treatment of phytoplankton
Sampling of phytoplankton and measurements of some physicochemical parameters were carried out in three stations every 15 days during the year 2016. Physicochemical measurements were carried out in situ using a multiparameter HANNA HI9828. While the nutrients (NH4, NO2, NO3 and PO4) were assessed by spectrophotometry.
Phytoplankton sampling was conducted, where a volume of 50 liters of water was filtered using a standard plankton net (20 µm mesh size). Once collected, samples were fixed immediately with neutral formalin (concentration 4%). Identification of diatom species was performed according to Hendey (1964) , Sournia (1986) , Ricard (1987) , Round et al. (1990) , Chretiennot-Dinet et al. (1993) , Tomas (1996) and Hasle et al. (1996) . In the present work a detailed study on the identification and counting has been reserved only to the class of Diatomophyceae. The number of cells was estimated using Utermöhl's method (Utermöhl, 1958) . Both identification and quantification of cell abundance (cells.L -1 ) were made by an inverted light microscope (Leica DM750).
Ecological indices and statistical analysis
The spatiotemporal variation of the species rich- Table 1 . Spatiotemporal variations (mean±se, n=72) in temperature (T, °C), salinity (Sal., p.s.u.), dissolved oxygen (DO, mg.L -1 ), pH, suspended matter (SM, mg.L -1 ), ammonium (NH4, μmoles.L -1 ), nitrites (NO2, μmoles.L -1 ), nitrates (NO3, μmoles.L -1 ), dissolved inorganic nitrogen (DIN, μmoles.L -1 ), phosphates (PO4, μmoles.L -1 ) and chlorophyll a (Chl.a, μg.L -ness (S) of diatoms group was calculated. The diversity index (H') used is that of Shannon & Weaver (1949) . The regularity index (J') was calculated using the method of Piélou (1966) . Furthermore, a principal component analysis (PCA) was performed using the Factoextra (Kassambara & Mundt, 2017 ) package on standardized data, whose objective is to characterize, by a multivariate approach, the structuring of spatiotemporal variations at the lagoon of Mellah. Statistical analyses were performed using R, version 3.4.2 (R Core Team 2017; Ihaka & Gentleman 1996) for Windows, by using Dunn's test package (Dinno, 2017) ; median differences among seasons were tested by Kruskal-Wallis test (rank-based nonparametric test) followed by post-hoc pairwise comparisons using Dunn's test with Holm's p-value adjustment. Results are given as means ± standard error. All the statistical analyses were performed at the statistical significance of p<0.05.
RESULTS
Hydrological and environmental conditions
The spatiotemporal variations of physicochemical parameters are represented in Table 1 . The application of the Kruskal-Wallis test for the comparison of physicochemical parameters in water showed that for nearly all parameters (T, Sal., DO, pH, SM, NH4, NO2, DIN, PO4, Chla) no significant differences among the stations were recorded, with the exception of NO3 showing a minimum of 0.59±0.72 µmoles.L -1 at site C, and a maximum of 1.30±1.47 µmoles.L -1 at site A.
The monitoring of seasonal variations of physicochemical factors in the Mellah lagoon indicates that there are significant differences for all parameters except DO, pH, NO3, PO4 (Table 1) . This is why the temperature values oscillate between 13.64±1.31°C in winter and 26.86±1.50°C in summer. Salinity showed a variation between 25.56±1.30 and 33.55±1.91 p.s.u. in winter and summer, respectively. Results about the suspended matter showed that the mean values ranged from 10.44±5.53 mg.L -1 in summer to 27.47±5.00 mg. L -1 in winter. We found that nutrient salt concentrations vary between 0.84±1.54 µmoles.L -1 in autumn and 2.54±1.98 µmoles.L -1 in winter for NH4; between 0.16±0.66 µmoles.L -1 in summer and 0.61±0.46 µmoles.L -1 in spring for NO2; between 1.85±1.58 µmoles.L -1 in autumn and 4.62±2.66 µmoles.L -1 in spring for DIN. The winter period was characterized by the lowest Chlorophyll a means with 1.17±0.67 µg.L -1 in winter, while the highest mean values were in the summer period with 3.35±1.59 µg.L -1 .
Composition of diatom communities
Diatom composition of Mellah lagoon was char- acterized by a mixture of marine, brackish-water and freshwater taxa. Diatoms formed the most dominant group and contributed greatly to the total phytoplankton at almost all the stations (55.70-70.39%) (Fig. 2) . Over 62.97% of total phytoplankton taxa were represented throughout the lagoon. In all stations we identified 160 species belonging to the Diatomophyceae ( (Table 2) . However, in the three stations the centric forms are dominant (50.01-92.15%), compared to the pennate forms.
Population density and distribution
The spatiotemporal variation in the density of diatoms is reported in figure 3 . The maximum density of this phytoplankton group varies be- among seasons and no significant differences among stations. The inter seasonal variations of diatoms density and specific richness in the lagoon are reported in figure 5, I. Regarding density, the extreme mean values are 590.56±266.45 cells.L -1 in winter and 50295.56±6817.43 cells.L -1 in spring. However, seasonal variation of diatoms showed different dispersions. Concerning the qualitative composition, the differences in mean inter seasonal values are also important, because they varied between 9.89±7.12 in autumn and 20.28±9.78 in spring (Fig. 5, II) .
The use of Principal Component Analysis (PCA) as a preliminary and exploratory descriptive approach made it possible to visualize the structuring of the seasonal and spatial variation in the three stations according to 11 physicochemical variables: water temperature (T), pH, salinity (Sal.), dissolved oxygen (DO), nitrates (NO3), nitrites (NO2), Ammonium (NH4), dissolved inorganic nitrogen (DIN) phosphates (PO4), suspended matter (SM), chlorophyll a (chl. a), and two biological variables: specific richness (S) and density (Dens.) (Fig. 6 ).
The PCA clearly shows that the first two factorial axes yielded nearly 50.70% of the information (Fig. 6, I) . Axis 1, explaining 28% of the total variation, is positively correlated with the variables DIN (r=0.77), NH4 (r=0.67), SM (r=0.59), which strongly contribute to the construction of this axis (cos 2 =0.6, cos 2 =0.45, cos 2 =0.35, respectively); and negatively with the variables Sal. (r=-0.78), T (r= -0.57) and pH (r=-0.38), which also contribute significantly to its construction (cos 2 =0.61, cos 2 =0.32 and cos 2 =0.15, respectively). In addition, axis 2, explaining 22.7% of the total variation, is built mainly by the strong positive correlations of the variables Chl.a (r=0.73), PO4 (r=0.71), DO (r=0.70), S (r=0.59) and Dens. (r=0.53) and the negative correlation of variables NO2 (r=-0.56) and NO3 (r= -0.40) which contribute considerably to its construction (cos 2 =0.53, cos 2 =0.50, cos 2 =0.49, cos 2 =0.35, cos 2 =0.28, cos 2 =0.31 and cos 2 =0.16 respectively). Regarding seasonal variation (Fig. 6 , II), we noted that summer is characterized by high values of salinity and temperature. In autumn it's pH, Chl.a, density and the specific richness of diatoms which dominate. Spring is characterized by higher concentrations of DO, PO4, NO2, NO3. Finally, NH4, SM, and DIN dominate during winter season.
Species diversity and ecological indices
The number of species (S) and range of diversity indices in the study area are shown in figure 7 . In particular, the maximum number of species (36) was observed in the north of the Mellah at St.A (early June); St.C, in the south of the Mellah, was the least rich (32 species, end of June) and St.B, in the center of the lagoon, was characterized by a specific richness of 34 species. Shannon index of diversity (H') values generally increased in parallel to the number of species (S) and evenness index (J') throughout the study period. This trend was observed only for stable ecosystems. This is not the case of the Mellah lagoon, which is characterized by the fact that it is punctually pound during ad- Fig. 7 ).
DISCUSSION AND CONCLUSIONS
Our results highlighted the hydrological peculiarities of this lagoon ecosystem. The thermal variations of Mellah lagoon waters (12.26-28.26°C) are comparable to the majority of southern Mediterranean lagoons (Béjaoui et al., 2010; El-Madani et al., 2011; Bellakhal Fertouna & Bellakhal, 2013; Dhib et al., 2016) . However, the salinity extreme values (23.98-36.23 p.s.u.) are often lower compared with ecosystems of neighboring countries including Bizerte lagoon in Tunisia (Sahraoui et al., 2009; Béjaoui et al., 2010) and Nador lagoon in Morocco (El-Madani et al., 2011) . Overall Mellah lagoon waters are well oxygenated unlike some Mediterranean lagoons which are characterized by periodic dystrophy crisis when the dissolved oxygen can reach critical values (Lenzi et al. 2003; Viaroli et al., 2006; Marinov et al., 2008; El Madani et al., 2011; Pachés et al., 2014) .
Regarding the spatiotemporal distribution of nutrients, unlike the majority of Mediterranean lagoons which are often characterized by a significant enrichment in nutrient salts (Souchu et al., 2010; El Madani et al., 2011; Satta et al., 2014; Pachés et al., 2014; Zaaboub et al., 2014) , the Mellah lagoon, due to its waters less rich in nutrients, ranks among the meso-oligotrophic lagoons (OECD, 1982) . These particular physicochemical characteristics lead to a low chlorophyll a production not exceeding 5.84 μg.L -1 with an annual average of 2.41 μg.L -1 . These values are often low compared to several lagoons in the Mediterranean (Badosa et al., 2008; Roselli et al., 2009; Cañedo-Argüelles et al., 2012; Bernardi Aubry et al., 2013; Pachés et al., 2014) . This physicochemical and hydrological situation is the result of a double effect. First, the Mellah Lagoon is a body of water that is located within the El-Kala National Park; a protected nature reserve since 1983, so far from any source of pollution or anthropogenic action. Then, the narrowing of the communication channel with the sea, which has not been dredged since 1988, has further reduced water exchanges with the adjacent Mediterranean coast (Ounissi et al., 2002) . In addition, in this region there is a low urbanization limited to a few houses of traditional construction.
The majority of species belong to diatoms, many of which have a benthic affinity. These forms of diatoms are still common in lagoon environments as highlighted by Mallissen & Lasserre (1979) . It appears that the richness of diatoms is related not only to tidal regime turbulence (leading to benthic and tychopelagic forms in the water column), but also to their ability to directly draw nutrients from the water-sediment interface (Bonin, 1988) . Investigating diatoms in the Mellah lagoon allowed us to identify 160 taxa, most of which belonging to the marine contingent. The typical lagoon species are very few (only 16). Although the low nutrient levels, the number of diatom species reached 160. Interestingly, this moderate diatom specific richness observed in Mellah lagoon exceeded those of some other Mediterranean ecosystems: Lake of Tunis (Benrejeb-Jenhani & Romdhane, 2002) , two lagoons in the Sfax saltern (Ayadi et al., 2004) , Nador lagoon (El Madani et al., 2011) , Venice lagoon (Bernardi Aubry et al., 2013) and Cullera Estany lagoon (Pachés et al., 2014) .
In the present study, the maximum number of taxa (53) is observed at station A, situated in the north of the Mellah lagoon in front of the channel communicating with the sea, therefore under marine influence. The minimum number of taxa (43) is found at Station C, confined in the extreme south of the lagoon and under continental influence. The difference in species richness between these two sites shows that several phytoplankton populations come from the adjacent coast by the channel that connects the lagoon to the sea. In the Mellah lagoon, diatoms are the dominant (qualitatively and quantitatively) group within microphytoplankton. This dominance characterizes not only the majority of Mediterranean lagoons (Benrejeb- Jenhani & Romdhane, 2002; Bernardi Aubry & Acri 2004; El Madani et al., 2011; Bernardi Aubry et al., 2013; Nassar & Gharib, 2014) , but also the waters of the open Mediterranean coast (Percopo et al., 2011; Drira et al., 2014; Taş, 2014; Khairy & Gharib, 2017; Rekik et al., 2017) . However, despite the meso-oligotrophy of the Mellah lagoon, we can observe that the number of diatom cells were rela-tively important (up to 203420 cells.L -1 ) in the north of the lagoon. This zone of the lagoon could form a site for accumulation of marine species (brought back by the channel during the flow phase) and, to a lesser extent, for the arrivals of freshwater tolerant species transported by the three rivers that discharge there. In the Mellah lagoon, the main blooming species is Nitzschia longissama with a maximum abundance of 200640 cells.L -1 recorded at Station A (north of the lagoon), in the end of summer. The end of the bloom could result from increasing oxygen demand and the decrease of nutrients.
The application of the Kruskal-Wallis test for the abundance showed that there is a significant difference among the seasons. The Principal Component Analysis (PCA) explains the positive role played by nutrients (mainly with PO4 and secondary with NH4) in the proliferation and diversification of diatoms. Indeed, the meso-oligotrophic character of the waters of the lagoon implies the role played by these nutrients as soon as they increase in the water column. Though high temperature and salinity during the summer season limit the proliferation of this group of phytoplankton, nevertheless, diatoms in the Mellah lagoon are characterized by optimal development and structuring during the spring-summer and summer-autumn transition phases, when thermal conditions are moderate.
Diatom populations of the Mellah lagoon showed a diversity that can reach 4.56 bits.cell.-1 and a regularity of 0.98, thus suggesting structured diatom populations for only a period of the year (winter and end of spring). However, the rest of the cycle is characterized by an unstable species composition. In this case, only the opportunistic species develop, well adapted to the unfavorable environmental factors (mostly temperature) (Mozetic et al., 1998; Bianchi et al., 2003) . We noted that the maximum values of diversity (H') in the Mellah lagoon are higher than those recorded in other Mediterranean lagoons. Indeed, in the Venice lagoon (Italy) Bernardi Aubry & Acri (2004) reported a maximum value of H' that barely touches 3 bits.cell.-1, whereas in the Berre pond (France) this index was around 2 bits.cell.-1 (Beker, 1986) .
Our results revealed the existence of three potentially toxic species belonging to the group of diatoms: Pseudo-nitzschia delicatissima, P. seriata and Thalassionema nitzschoides. These species have been reported to produce domoid acid respon-sible of ASP (Amnesic Shellfish Poisoning) syndrome. The most abundant potentially harmful species is Pseudo-nitzschia delicatissima (up to 2520 cells.L -1 ). Cell densities of P. seriata and T. nitzschoides were usually low and often imperceptible in quantitative samples, their maximum abundances ranging between 210 and 700 cells.L -1 . The appearance of these three potentially toxic species occurs in late summer and autumn; this situation is an alarm for shellfish farmers in the lagoon which could be confronted to harmful blooms and intoxication of the mollusks in the near future. Sahraoui et al. (2009) reported the presence of toxic Pseudonitzschia species in Bizerte lagoon (Tunisia). In French coastal waters, Pseudo-nitzschia are known to bloom during the spring (Quiroga, 2006) .
In conclusion, it appears: (1) Unlike the majority of Mediterranean lagoons, which are eutrophic, the Mellah lagoon is distinguished by its meso-oligotrophy, due to its remoteness from any source of pollution.
(2) Despite the limitation of nutrients in this lagoon, it holds a diatom specific richness which exceeds that of many lagoons in the Mediterranean.
(3) The optimal conditions for the development of diatoms in the lagoon correspond to the phases where the water temperature is moderate in parallel to the increase of the nutrients input (firstly with PO4 and secondary with NH4), that is during the seasonal transition periods spring-summer and summer-autumn. (4) The presence of some potentially toxic species, nowadays three in number, points out the need of the establishment of a regular monitoring of harmful species -as shellfish culture has been practiced for several years in this lagoonto reduce (or even avoid) the risk of human intoxication.
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